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Abstract Epidemic transmission is one of the critical density-dependent mechanisms that
affect species viability and dynamics. In a predator-prey system, epidemic transmission
can strongly affect the success probability of hunting, especially for social animals. Preda-
tors, therefore, will suffer from the positive density-dependence, i.e., Allee effect, due to
epidemic transmission in the population. The rate of species contacting the epidemic,
especially for those endangered or invasive, has largely increased due to the habitat de-
struction caused by anthropogenic disturbance. Using ordinary differential equations and
cellular automata, we here explored the epidemic transmission in a predator-prey system.
Results show that a moderate Allee effect will destabilize the dynamics, but it is not true
for the extreme Allee effect (weak or strong). The predator-prey dynamics amazingly sta-
bilize by the extreme Allee effect. Predators suffer the most from the epidemic disease at
moderate transmission probability. Counter-intuitively, habitat destruction will benefit the
control of the epidemic disease. The demographic stochasticity dramatically influences
the spatial distribution of the system. The spatial distribution changes from oil-bubble-like
(due to local interaction) to aggregated spatially scattered points (due to local interaction
and demographic stochasticity). It indicates the possibility of using human disturbance in
habitat as a potential epidemic-control method in conservation.
Keywords Eco-epidemiology · Cellular automaton · Ordinary differential equations ·
Probability transition model · Discrete event model
1. Introduction
Epidemic diseases can attack predators through various means, such as food, mating and
parasites (Anderson and May, 1986; Venturino, 2002; Hethcote et al., 2004). This is very
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true for social species due to their high contact rate. Hitherto, studies have been carried
out with the aim of controlling the disease effectively and developing suitable vaccination
policies (Chattopadhyay et al., 2002; Grassly and Fraser, 2006; Carlsson-Grańer, 2006).
However, infectious diseases in wild species have largely been neglected (but see Pal et
al., 2006). Epidemic disease constitutes a substantial threat to the viability of species,
especially of endangered species. Peterson and Page (1987), Murray (1993), and Haydon
et al. (2002) provided some classical cases of rabies affecting the viability of the European
red fox (Vulpes vulpes), the American raccoon (Procyon lotor), and the Ethiopian wolf
(Canis simensis). Meanwhile, epidemic disease is also an important biological control for
invasive species (Cruickshank et al., 1999).
Eco-epidemiology is a new branch in mathematical biology which considers both the
ecological and epidemiological issues simultaneously (Bairagi et al., 2007). Hadeler and
Freedman (1989) first provided a model for a disease spreading among interacting popu-
lations. Gulland (1995) demonstrated the biological relevance of the eco-epidemiology in
nature. Recently, Delgado et al. (2005) and Greenhalgh and Haque (2007) have also devel-
oped the models in eco-epidemiology. Most studies on eco-epidemiology were based on
the classic Kermack–Mckendrick (1927, 1932) model, which predicted different complex
dynamic behaviors (e.g., limit cycle and chaos). Meanwhile, theoretical and field exper-
iments have suggested that the outcome of eco-epidemiology is significantly affected by
spatial factors (Johansen, 1994; Murray, 1993). However, the spatial dynamics and distri-
bution patterns of eco-epidemiological systems have hardly been considered.
Furthermore, Malchow et al. (2005) have considered the spatial dynamics but the con-
cern is on prey, rather than predators. Literatures with regard to spatial model with dis-
ease on the predator are rare. Epidemic transmission cause more trouble in predators.
Normally, carnivores hunt in a group. This life-history strategy is prone to the Allee ef-
fect under the epidemic transmission, where a low number of viable hunters will suffer
ineffectiveness in predation (Allee, 1931). The Allee effect has drawn considerable at-
tention from almost every aspect of ecology (e.g., Hansson, 1991; Lamont et al., 1993;
Hanski et al., 1994; McCarthy, 1997; Berec et al., 2001). Difficulties in finding mates, so-
cial dysfunction (e.g., in defense and foraging), inbreeding depression, and dispersal cost
can result in the Allee effect (McCarthy, 1997; Wang et al., 1999; Amarasekare, 2004).
The Allee effect may be particularly important for species living in fragmented habitats
(Amarasekare, 1998). It is necessary to understand the influence of this epidemic induced
Allee effect on the spatial structure and temporal dynamics of predators (Courchamp et
al., 2000; Courchamp and Macdonald, 2001).
Habitat loss also plays an important role in the epidemic transmission in predators.
Habitat loss has been considered as the single most important threat to biodiversity (Fahrig
and Merrian, 1994; Bascompte and Solé, 1998). This could be due to land transformation
by humans or habitat shift due to climatic changes. Studies on behavior ecology have show
that habitat loss and certain spatial structures can be beneficial to altruism and coopera-
tion (Nowak et al., 1994; Zhang et al., 2005; Hui and McGeoch, 2007a). Previous studies
on the influence of habitat destruction on the predator-prey system have pointed out that
in general the highest trophic level is affected the most (e.g., Bascompte and Solé, 1998;
Swihart et al., 2001). No studies have yet shown the influence of habitat destruction and
spatial structure changes on the predators that experience an epidemic induced Allee ef-
fect. Habitat destruction itself can result in the Allee effect because it separates the pop-
ulation by an inhospitable matrix and then make few or no opportunities for colonizing
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(Amarasekare, 2004). Therefore, exploiting the impact of epidemic and habitat loss in-
duced Allee effect on the population dynamics of a predator-prey system is extremely
helpful in conservation and theoretical ecology.
In general, the classical approach to modeling the spread of disease is based on the
ordinary differential equations (ODE) (e.g., Chattopadhyay et al., 2002; Hethcote et al.,
2004; Haque and Venturino, 2006), which indicate that the population is homogeneously
mixed (also called the mean-field assumption which ignores space completely). Recently,
there has been renewed interest in spatial interaction in modeling dynamics and distribu-
tion patterns in ecology, epidemiology, and evolutionary biology, resulting in the prosper-
ity of spatial ecology (e.g., Rhodes and Anderson, 1996; Hui and Li, 2003; Zhang et al.,
2005; Hui et al., 2006). Spatial models have been introduced into epidemiology to resolve
vividly the spatial transmission dynamics of the epidemic. In studying the spatial aspects
of epidemic dynamics, there are various levels of realism in the description of space,
which have two broad categories (Tilman and Kareiva, 1997). One is based on the ana-
lytical reaction-diffusion models, which can be either discrete or continuous in time and
space (Cruickshank et al., 1999). A second framework is based on the cellular automaton
or lattice model, and contact processes by assuming that organisms divide a habitat into
a series of equal-sized, identical patches that occur in a grid (Boccara and Cheong, 1992;
Rhodes and Anderson, 1997).
In this paper, we will set up the spatially implicit (nonspatial) and explicit eco-
epidemiological models with the predator subject to the Allee effect. First, through
mathematical analysis of the deterministic nonspatial model, we will present the dy-
namic behavior corresponding to different intensity of the Allee effect. Second, us-
ing the lattice model, we will firstly discuss the primary factors (e.g., the infection
probability and neighborhood structure, etc.) that influence the transmission of an epi-
demic. The spatiotemporal dynamics and distribution patterns will also be studied us-
ing two spatial submodels: a probability transition model (PTM, Hanski, 2001; Hui and
Li, 2004; Li et al., 2005; Brännström and Sumpter, 2005; Tobin and Bjørnstad, 2005;
Hui and McGeoch, 2007b) and a discrete event model (DEM, Tilman and Kareiva, 1997;
Hui and Li, 2004; Morita and Tainaka, 2006).
2. The models
2.1. Spatially implicit model
According to the susceptible-infected (hereafter SI) model (Pal et al., 2006) and the clas-
sical equation of the predator-prey system (Freedman and Wolkowicz, 1986), we can
make the following assumptions for incorporating a transmissible disease in the preda-
tor species: (A) in the absence of predators, the prey population, N(t), grows logistically
with a carrying capacity, K ∈ R+ and an intrinsic birth rate, r ∈ R+. (B) The predators are
divided into two categories, i.e., those susceptible to the disease, S(t), and those infected
by the disease, I (t). The recovered individuals become susceptible to the disease again.
(C) The disease transmission in predators can be described by a SI model. (D) Disease is
transmitted through the contact between the susceptible and the infected individuals. The
infection rate β follows the law of standard incidence (β/(S + I )) (Han and Ma, 2001;
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Hethcote et al., 2004). (E) Only the susceptible predators are capable of predating. In-
fected individuals are not active enough to forage. (F) The susceptible predators are inef-
ficient in hunting when their abundance is low, i.e., an Allee effect.















S + a − esS −
βSI




S + I − eiI,
N(0) = N0 > 0, S(0) = S0 > 0, I (0) = I0 > 0,
(1)
where ε and q (ε ≥ q > 0) are the maximal and the effective predation rate, respec-
tively; es and ei (ei ≥ es > 0) are the death rate of susceptible and infected predators;
β (β > 0) is the infection rate which represents the contagion of the disease. The term
β/(S + I ) represents the infection rate of a standard incidence. The term S/(S + a) is for
the Allee effect, and a (> 0) can be defined as the Allee effect constant (Wang et al., 1999;
Zhou et al., 2005). Higher value of a implies a lower per capita growth rate of the preda-
tor, especially when S is small (the per capita growth rate of the susceptible predator is
reduced qN from to qNS/(S + a)). When the predators do not suffer from the Allee ef-
fect, the positive equilibrium of system (1) can be solved easily: N∗ = (β + es − ei)/q ,
S∗ = r/ε − rN∗/εK , I ∗ = (β/ei − 1)S∗, and this equilibrium is asymptotically stable if
0 < ei(β − ei)/rβ < (β + es − ei)/Kq < 1 (Proof is omitted).
For analysis, a nondimensional transformation of Eq. (1) was performed using scaled
quantities. It allows the dynamics to be characterized by fewer parameters, and also high-
lights biologically significant scaling relations between parameters (Murray, 1993). The
following substitutions were adopted here: N̂ = N
K
, Ŝ = εS
qK
, Î = εI
qK





, β̂ = β
r
, ês = esr and êi = eir .










S + a − esS −
βSI




S + I − eiI,
N(0) = N0 > 0, S(0) = S0 > 0, I (0) = I0 > 0,
(2)
where a is the new Allee effect constant, μ is the predation rate, β is the new infection rate,
es and ei are the new death rates of susceptible and infected predators, respectively. Due
to the complexity of the mathematical analysis of Eq. (2), we will analyze its dynamics
and equilibrium with the changing of the Allee effect and infection rate by plotting its
attractor in a 3D-parameter space.
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2.2. Spatially explicit model
Although the epidemic dynamics can be analyzed using differential equations, this ap-
proach neglects the characteristics of the local spreading process. The epidemic disease
only transmitted between individuals that are close enough or to a neighboring indi-
vidual (Rhodes and Anderson, 1996; Boccara and Cheong, 1992). Therefore, it is nec-
essary to consider a spatially explicit eco-epidemiological model and compare it with
the non-spatial model. A cellular automaton was designed for a finite number of l × l
patches on a two-dimensional homogeneous patchy habitat with synchronous updat-
ing. A periodic boundary condition is adopted to avoid the edge effect (Sayama, 2004;
Feagin et al., 2007), which is essentially equal to organize the patch on a globe. Simula-
tion will be implemented according to two frameworks: the probability transition model
(PTM) and the discrete event model (DEM).
In the framework of PTM, the probability of different states is given by the discrete
version of Eq. (2) as follows:
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S(t, x, y)(1 − es),
where N(t, x, y), S(t, x, y), and I (t, x, y) represent the probability of prey, suscepti-



















S/Z+a represents the Allee effect, in which a is the Allee effect constant;
cn is the reproduction rate parameter of the prey population; cs and es are the preda-
tion and extinction rate parameters of susceptible predators; ci and ei are the infection
and extinction rate parameters of infected predators. The parameter Z = 8 for Moore
neighborhood, representing the number of the neighboring patches. The term
∑
N is
the sum of the prey probability values in the neighbors, in which
∑









In the framework of DEM, the events in local process, such as infection, predation,
colonization, and extinction, are discrete and determined by chance. Each patch has four
possible status pt(i, j): empty (0), occupied only by a prey individual (1), by a suscep-
tible predator (2), and by an infected predator (3). If we consider that some patches turn
to unsuitable due to habitat destruction, the status of the patch will be given an additional
value pt(i, j) = 4. To reveal the effect of neighboring structures on the epidemic spread-
ing, we chose four kinds of neighborhood: von Neumann neighborhood (Z = 4), Moore
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Table 1 Probabilities of state transition of patches in DEM framework
pt (i, j) → pt+1(i, j) Without Allee effect With Allee effect
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neighborhood (Z = 8), 24-neighborhood (Z = 24), and global dispersal (Z = l × l). The
transition probability of the states in the patch from time t to t + 1 is given in Table 1.
Although the two frameworks are both spatial models, the PTM ignores the influences of
demographic stochasticity and only considers the local interactions (Hui and Li, 2004).
The DEM considers the two factors at the same time. Therefore, we can compare the spa-
tial distribution pattern of epidemics based on PTM and DEM models to further unveil
the influence of local interactions and demographic stochasticity on the spatial pattern of
the eco-epidemiological system.
3. Results























where  = (μ − β − es + ei)2 −4μ2(β + es − ei)a. Numerical analysis suggests that this
equilibrium is largely influenced by the infection rate and Allee effect. Meanwhile, we
also considered the proportion of the susceptible predator to prey and the ratio of the
infected to the susceptible. The results suggest that the proportion of susceptible predators
to prey (S/N ) is affected by both the Allee effect and the infection rate, but the ratio of the
infected to the susceptible (I/S) is only affected by the infection rate (I/S = β/ei − 1).
Numerical simulation reveals a more intriguing behavior of the equilibrium with the
change of the Allee effect constant in Eq. (2). First, we found two kinds of attractor
depending on the Allee effect constant (a): the point attractor and the limit cycle (Fig. 1).
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Fig. 1 The attractors of Eq. (2) under different intensity of Allee effect. Parameters are μ = 2.4, es = 0.02,
ei = 0.03, and β = 0.06.
Second, a weak Allee effect (a < 0.2) can destabilize the dynamics but a strong Allee
effect (a > 0.2) can stabilize the dynamics of the eco-epidemiological system (Fig. 1).
The Allee effect at a moderate intensity (0.1 < a < 0.3) will induce a periodic oscillation.
The equilibrium of the spatially explicit simulation (here only DEM was used since
PTM generates similar equilibrium as above) was different due to the including of demo-
graphic stochasticity (Table 1). The simulations, with Moore neighborhood, are run 1000
time steps for each of 31×31 combing parameters of a and ci in a two-dimensional space
of 50×50 patches. We run these simulations 20 times to maintain the reality and accuracy
of the frequencies. The frequencies of the infected predator I , the relative infected preda-
tor I/S and the relative susceptible predator S/N are the average values based on the
average values from 900–1000 time steps in each simulation. The frequencies at the equi-
librium of the infected predator (I ), the relative infected predator (I/S) and the relative
susceptible predator (S/N ) are given numerically as the function of the Allee effect and
the infection rate parameter (Fig. 2). The infected predator (I ) and the relative infected
predator (I/S) increase at first and then decrease with the increasing of infection rate
parameter (ci ) (Fig. 2a, b). The frequency of the relative susceptible predator (S/N ) de-
creases dramatically with the increase of infection rate parameter (Fig. 2c). The increase
of Allee effect constant (a) make these three frequencies (I , I/S, S/N ) decline.
The distribution patterns of epidemic with PTM exhibit an oil-bubble-like structure
(Fig. 3a), which is determined by two factors: local interaction (predation, infection) and
the Allee effect. The distribution patterns with DEM are aggregated points (Fig. 3b),
which are determined by three factors: local interaction, Allee effect, and demographic
stochasticity. The susceptible predators are encircled by the epidemic disease.
The neighborhood size of transmission process can also profoundly influence the
spreading of the epidemic disease. To show the impact of neighboring structure on the
frequency dynamics and the spatial distribution pattern, we compared the difference with
the four different neighboring structures: Von Neumann, Moore neighborhood, twenty-
four neighborhood, and global transmission. An obvious result observed is that the pro-
2202 Su et al.
Fig. 2 (a) The frequencies at equilibrium of the infected predator, I , (b) the relative infected predator,
I/S, (c) and the relative susceptible predator, S/N , as a function of Allee effect and the infection rate
parameter under the DEM framework. Simulations start with randomly located 1/4 prey population, 1/4
susceptible predator population, and 1/4 infected predator population. Parameter values are: cn = 0.35,
cs = 0.3, es = 0.02, ei = 0.03.
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Fig. 3 Spatial distribution pattern of the eco-epidemiological dynamics. (a) the distribution of PTM; (b)
of DEM. Parameter values are: a = 0.1, ci = 0.2, other parameters are the same as in Fig. 2.
portion of infected predators decreases dramatically as the neighborhood size decreases
(Fig. 4). This can be explained by the rapid depletion of the local susceptible predators
which effectively reduces the transmission of the disease.
Figure 5 exhibits the transmission pattern of the epidemic disease under different
neighboring structures. The three populations are located randomly at initial (t = 0), but
with increase of infection time (at time 60, 80, 100), the epidemic forms a spreading wave
under all neighboring structures (approximate wave cycle in simulation t = 1,000). These
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Fig. 4 The temporal dynamics response to different number of neighborhood patches under DEM frame-
work. Parameter values are: (a) Z = 4; (b) Z = 8; (c) Z = 24; (d) global dispersal; Other parameter values
of (a–d) are: cn = 0.35, cs = 0.3, ci = 0.2, es = 0.02, ei = 0.03, a = 0.1.
traveling waves are formed in the epidemic transmission process due to two reasons:
firstly, the susceptible predator might tie each other to reduce the impact of Allee effect;
secondly, the epidemic disease has to encircle (or chase after) the susceptible predator
for survival. However, when susceptible predators that are surrounded by those infected
are depleted (i.e., all of them get the disease), the epidemic disease has to look for other
susceptible sources.
We further considered the effect of random habitat destruction on the epidemic trans-
mission in which the susceptible predator is subject to the Allee effect (Fig. 6). Only DEM
was adopted here due to similar reasons as above. Firstly, the infected predators are more
vulnerable to extinction than prey and susceptible predators when facing habitat destruc-
tion since the susceptible predators can even increase as more patches are destroyed. The
reason could be that the spreading rate of an epidemic disease can be slowed down due
to by habitat loss (such as roads) and, therefore, the susceptible predators are facilitated
by habitat destruction from being infected. This also indicates that the susceptible preda-
tors can counter balance the effects of habitat destruction and infection. However, as more
habitats are destructed, the frequencies of susceptible predators and prey are inverted after
the epidemics have been driven extinct due to similar reason (Fig. 6). Finally, when the
fraction of habitat destruction is greater than about 0.66, the predator-prey system will be
degraded into a single species population (Fig. 6).
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Fig. 5 The spatial dynamics of epidemic with different number of neighborhood under DEM framework.
From the top row to the bottom, panel represents spatial patterns at time 60, 80, 100, 1,000, respectively;
From left column to right, panels represent different neighboring structure (Z = 4; Z = 8; Z = 24). Para-
meter values are the same as in Fig. 4.
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Fig. 6 The frequencies of three populations at equilibrium respond to different habitat destruction under
DEM framework with Moore neighborhood. Parameter values are the same with Fig. 4.
4. Discussion
The Allee effect is considered as a destabilizing factor in the population dynamics of com-
petition and predation (Zhou et al., 2005) but can cause synchronized dynamics (Li et al.,
2005) and fixed distribution ranges (Keitt et al., 2001; Hui and Li, 2004). Results here
demonstrate that whether the Allee effect is a stabilizing or a destabilizing force in eco-
logical systems could be also determined by the intensity of Allee effect (Fig. 1). The bio-
logical reasons for this threshold effect (dynamical complexity due to Allee effect), which
arises through Hopf bifurcation in mathematical theory, could be due to as follows. First,
when the Allee effect is very weak, its impact to the susceptible predator is insignificant.
With the increase of Allee effect, more susceptible predators have to group up for hunting
and, therefore, the infected has a higher chance of finding other susceptible around, which
changes the dynamics from stabilization to oscillation. If the Allee effect is very strong,
the susceptible predators need an even larger group for hunting successfully. Analogous
to the paradox of enrichment (Gilpin and Rosenzweig, 1972), the disease will rapidly
transmit to most of the susceptible predators. As a consequence, the hunting groups fail
and cause the predators to decline dramatically. According to the epidemiology theory
(Hethcote et al., 2004), this declining in host will lead to a lower proportion of infected
predators and further lead to the stabilization of the eco-epidemiological system. It should
be noted that the Allee effect in our work is “weak,” which is also called noncritical Allee
effect. A demographic Allee effect can be either “weak” or “strong” (Wang and Kot, 2001;
Deredec and Courchamp, 2003), while the weak Allee effect could not provide the con-
sequence of range pinning (Taylor and Hastings, 2004; Keitt et al., 2001).
There also exists a threshold of infection rate parameter (ci ), at which the infected
predator (I ) and infected-susceptible ratio (I/S) reach their peak (Fig. 2). The biologi-
cal reason could be as follows: when the infection rate parameter is low, the susceptible
predators are not influenced by the epidemic and the infected predators are isolated. With
the increase of the infection rate parameter, infected predators and infected-susceptible ra-
tio both increase due to the increasing chance of meeting susceptible predators. However,
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when the infection rate parameter is very high, susceptible predators will decline rapidly.
Analogous to the predator-prey cycle that occur in Lotka–Volterra model (Murray, 1993),
this decline is due to the over exploitation of susceptible predators by the disease. Hence,
the infected predators and infected-susceptible ratio both decrease until the susceptibility
recovers again.
The declining of patch connectivity (through the decreasing number of patch neigh-
bors) and the habitat destruction both contribute, to some extent, to the control of the epi-
demic. Fewer neighbors make the local susceptible predator deplete rapidly due to Allee
effect, which further reduces the transmission of the disease. Habitat destruction has three
types: habitat loss, patch isolation, and habitat decay (Hui and Li, 2003), which means that
the decrease of patch connectivity will have the same effect as habitat loss (and fragmen-
tation). Namba et al. (1999) have shown that the predator species is more vulnerable to
extinction under habitat fragmentation than the prey (also see evidence from Szwabiński
and Pekalski, 2006). These results indicate that higher tropic levels (e.g., predators) suffer
the most from habitat destruction. Here, we showed that the infected predator is more
vulnerable to habitat destruction than the susceptible one although they are in the same
trophic level. This could be due to the fact that there is a predation-like (or host-parasite)
relationship between them, which pushes the infected predators to a higher tropic level.
The response to habitat destruction can be a combining process of different components
with different trophic position. For example, while for the infected predators the destruc-
tive process only has a negative effect, the susceptible predators face two opposite effects:
reduction of available habitat and elimination of infected ones. This result is also consis-
tent with the stage-equilibrium hypothesis (Hui et al., 2005), which demonstrates that the
“bad” (e.g., cheating) behavior in population will decrease when facing habitat destruction
but the population could stay at a constant level. Habitat destruction is not always harm-
ful. It could in fact be a strategy for controlling epidemics (e.g., using artificial restriction
imitates habitat destruction).
Stochasticity in ecological models represents the uncertainty in environmental vari-
ables (environment stochasticity) and in the birth–death, colonization–extinction events
(demographic stochasticity). Early studies have investigated the spatial epidemic model
(Rhodes and Anderson, 1996, 1997; Liu and Jin, 2005), but without considering the sto-
chasticity. Including or excluding demographic stochasticity (DEM or PTM, respectively)
will lead to totally different spatial patterns (Fig. 3). From the mean-field assumption ODE
model to spatially local-interacted DEM, spatial structure plays an important role in shift-
ing the system equilibrium. Local interaction is the key to generating the self-organized
spatial pattern. PTM neglects the demographic stochasticity and is suitable for a system
with numerous elements, such as cell membrane formation (e.g., Schreiber et al., 2001;
Chen et al., 2005) and global chemical cycles (e.g., Gai et al., 1998; Jülicher, 2006). For
modeling the predator-prey dynamics in space, DEM is more appropriate as it considers
the demographic stochasticity and leads to a more realistic spatial pattern.
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